The image depth of integral imaging is enhanced by doubling the number of central depth planes by use of optical path control. To accomplish this, the optical path lengths are changed by controlling whether ref lections occur behind the lens array. We propose three schemes that use mirrors, a combination of beam splitters and polarizers, and polarization beam splitters, respectively. In experiments we implement the systems that are completely electronically controllable, are compact, and provide two central depth planes with 50.4-mm separation.
Integral imaging (II), which was first proposed by Lippmann 1 in 1908, has been considered as one possibility for realizing a practical three-dimensional (3D) display system. Without any supplementary instrument it provides observers with real-time 3D images that have various advantageous features, such as full-parallax and full-color properties. It led many researchers to devote themselves to the study and development of such a system. 2 -4 However, there still exist several limitations, including image depth, which is a major bottleneck. Because the key component of an II 3D display system is a lens array composed of many elemental lenses, the image reconstructed by the system has the best quality at one plane parallel to the lens array, and the location of such a plane, which is referred to as the central depth plane, is determined by the well-known lens law. 5 Because the quality of image degrades with distance from the central depth plane, the thickness of the image is limited. Although many successful research results reported improvement on this limitation, 6 -9 application to a practical 3D display system is still problematic. For practical use a compact system that does not require high-speed devices and maintains a certain level of resolution of the reconstructed image is needed.
In this Letter we propose novel methods based on the concept of path-length control that are capable of enhancing the thickness of a 3D image by giving the systems double central depth planes. One way to achieve this is to utilize the ref lections between mirrors. This can be implemented by a system composed of many elemental mirrors, which is referred to as a mirror barrier array. The principle of the proposed method based on a mirror barrier array is shown in Fig. 1 . The mirror barrier array is inserted between the lens array and the display panel, and each elemental mirror is placed so that it separates each column of elemental lenses. Two states of the mirror barrier array scheme are described in Figs. 1(a) and 1(b). In Fig. 1(a) the elemental mirrors are perpendicular to the lens array, so the 3D image is integrated in the same way as in the conventional scheme for the observer within the viewing angle. In other words, the distance between the lens array and central depth plane 1, d 1 , is determined by only gap g between the lens array and the display panel. On the other hand, in Fig. 1(b) elemental mirrors (ref lective on both sides) are placed at an angle of 45 ± to the lens array. In this state the elemental images are ref lected between adjacent mirrors, and they traverse an increased optical path length g 1 w before reaching the lens array. Therefore the distance between central depth plane 2 and the lens array, d 2 , is smaller than d 1 , as shown in Fig. 1(b) . By switching rapidly between these two states we can obtain two different central depth planes simultaneously, and the thickness of the 3D image can be enhanced. Note that the mirror barrier array is inserted between the lens array and the display panel, so it does not affect the size of the system. However, the mirror barrier array scheme has the drawback that it requires high-speed mechanical motion. This led us to propose another way to enhance the thickness of a 3D image based on the principle of the mirror barrier array but in which operations are completely electronically controllable. Figure 2 shows the system configuration and the principles of the proposed method. Elemental mirrors are replaced by a combination of beam splitters, polarizers, and a polarization shutter to eliminate mechanical motion. Two s polarizers and one beam splitter form a set called an s-set, and two p polarizers and one beam splitter form a set called a p-set, as shown in Fig. 2(a) . These s-sets and p-sets are arranged alternately between the lens array and the display panel, and each set covers one column of the lens array. Figures 2(b) and 2(c) show two states of this scheme. In Fig. 2(b) , only the light that passes through each column of the lens array in front of an s-set can be transmitted through the s-polarized polarization shutter, and other light is blocked. Each column of the elemental image behind an s-set can be integrated around central depth plane 1 traveling along the direct path indicated by solid arrows in Fig. 2 . However, to be integrated over the polarization shutter, each column of the elemental image behind a p-set must be ref lected between adjacent beam splitters following the path indicated by dashed arrows, increasing the optical path length. Therefore the elemental images are integrated around central depth plane 2, which is closer to the lens array than central depth plane 1. In this state parts of the integrated image can be reconstructed. In Fig. 2 (c) the other parts of the integrated image can be displayed through the p-polarized polarization shutter in a similar way. By switching between the two states in Figs. 2(b) and 2(c) at a rate of 120 Hz, we can obtain the integrated image located around central depth planes 1 and 2 simultaneously. Of course, the polarization shutter can be located in front of the display panel (instead of the location in Fig. 2 ) without affecting the performance of the system. We constructed an II 3D display system based on the proposed scheme and also performed experiments using that system. The lens array is composed of 13 3 13 elemental lenses with a pitch w of 10 mm and a focal length of 22 mm. The beam splitters are 14 mm in the horizontal direction, 130 mm in the vertical direction, and 1.1 mm thick. As the polarizers, we used a linear polarizing laminated film with dimensions of 10 mm 3 130 mm 3 0.74 mm. The elemental images were displayed on a f lat-panel CRT display that switched the image at a rate of 120 Hz. The polarization shutter used in the experiment is a modified NuVision 21SX for linear polarization with a switching speed of 120 Hz. Gap g was set to 28 mm to form target central depth plane 1 at a distance of 102.7 mm from the lens array and corresponding central depth plane 2 at a distance of 52.3 mm from the lens array, which is determined by the effective gap g 1 w of 38 mm. All the elemental images used in the experiments were generated by computer graphics. For comparison the experimental results obtained by the conventional scheme are shown in Figs. 3(a) and 3(b) . The star and the f lower are located at 52.3 and 102.7 mm, respectively, from the lens array. The central depth plane is located at the star in Fig. 3(a) and the f lower in Fig. 3(b) . In these f igures the integrated image located out of the central depth plane was severely distorted. In Figs. 3(c) In Fig. 4 some modif ications that replace the beam splitters and polarizers with polarization beam splitters (PBSs) are shown. The PBSs are assumed to transmit p polarization and ref lect s polarization. In the state shown in Fig. 4(a) , in which the polarization shutter is s polarized, elemental images can be integrated over the polarization shutter, tracing the path that includes ref lections between adjacent PBSs and indicated as dashed arrows. On the other hand, in Fig. 4 (b) the elemental images that pass through the PBSs directly can be integrated over the p-polarized polarization shutter. Therefore a 3D image around central depth plane 2 is expressed in Fig. 4(a) , and one around central depth plane 1 (that is farther from the lens array than central depth plane 2) is expressed in Fig. 4(b) . By switching between these two states at a sufficient rate, this scheme can also produce two central depth planes. The elemental image in the state shown in Fig. 4 In conclusion, we have proposed novel methods for enhancing the thickness of an integrated image by use of optical path control. One of them adopts a mirror barrier array and has the advantage that there is no loss of luminosity. Although it has the compactness that is favorable for an II 3D display system with a large screen, it requires fast mechanical motion that can be an obstacle for practical use. Therefore we have proposed and experimentally verif ied a system that uses beam splitters, polarizers, and a polarization shutter to eliminate mechanical motion. This system is practical because of its compactness and electronically controllable feature. However, the luminosity of the image integrated by the proposed system is not so good. We have also proposed a modified scheme to enhance the luminosity. We expect that these new schemes can be applied as a depth-enhanced II system for practical use. 
